The recent development in grazing incidence grating monochromator design is discussed and the performance limiting factors for such instruments are examined.
Introduction
For some time now synchrotron radiation emitted by relativistic electrons in synchrotrons and storage rings has been utilized as a radiation source for various scientific investigations. The spectral region where this type of light source is attractive is mainly from the near ultra --violet starting at about 3000A down to around the molybdenum IÇ line at 0.7A. Applications outside this region exist but are less popular.
The region breaks down into fairly distinct sections according to the type of technology that must be used in spectroscopic instruments.
The spectral content of synchrotron radiation is normally white and if spectral peaks exist they are not generally narrow enough to use.
Consequently it is almost always necessary to use a monochromator. The design of monochromators for use with synchrotron radiation has received considerable attention and a number of reviews exist. The one by Johnson 1 is the most complete. We list in Table I 4.0 -12.0 1.3 -3.5 special crystals or grazing incidence gratings most difficult region 3. 12.0 -300 3.5 -37
grazing incidence difficult region gratings 4. 300 -3000 NA normal incidence good technology gratings Historically regions 1 and 4 have been well served with instruments having good resolution and phase space acceptance. In other words with a good value of the resolving power, phase space acceptance product. The latter quantity forms the best single figure of merit for these systems. Region 2 is defined roughly as the region where gratings are inefficient and difficult and beryllium windows strong enough to withstand atmospheric pressure cannot be used. The problems of working with crystals with large inter-planar spacing adds to the difficulties of working in this region and the overall effect is that relatively little work has been done in region 2 using synchrotron radiation with a monochromator.
In region 3. gratings work with good efficiency but the use of grazing angles reduces the phase space acceptance and good quality focusing and collimating optics are hard to find. The result has been in the past that monochromators in region 3 have had poor resolution and low phase space acceptance.
It is the purpose of this article to discuss the limitations of monochromators in this spectral region and to reach an understanding which can form the basis of the design of a new generation of monochromators which achieve substantial improvement in both the resolution and phase space acceptance compared to earlier designs.
For some time now synchrotron radiation emitted by relativistic electrons in synchrotrons and storage rings has been utilized as a radiation source for various scientific investigations. The spectral region where this type of light source is attractive is mainly from the near ultra-violet starting at about 300OA down to around the molybdenum ^ line at 0.7A. Applications outside this region exist but are less popular. The region breaks down into fairly distinct sections according to the type of technology that must be used in spectroscopic instruments. The spectral content .of synchrotron radiation is normally white and if spectral peaks exist they are not generally narrow enough to use. Conseguently it is almost always necessary to use a monochromator. The design of monochromators for use with synchrotron radiation has received considerable attention and a number of reviews exist. The one by Johnson 1 is the most complete. We list in Table I the general classes of monochromator which are of interest for synchrotron radiation applications. Table 1 Synchrotron radiation monochromator types Historically regions 1 and 4 have been well served with instruments having good resolution and phase space acceptance. In other words with a good value of the resolving power, phase space acceptance product. The latter guantity forms the best single figure of merit for these systems. Region 2 is defined roughly as the region where gratings are inefficient and difficult and beryllium windows strong enough to withstand atmospheric pressure cannot be used. The problems of working with crystals with large inter-planar spacing adds to the difficulties of working in this region and the overall effect is that relatively little work has been done in region 2 using synchrotron radiation with a monochromator. In region 3. gratings work with good efficiency but the use of grazing angles reduces the phase space acceptance and good guality focusing and collimating optics are hard to find. The result has been in the past that monochromators in region 3 have had poor resolution and low phase space acceptance. It is the purpose of this article to discuss the limitations of monochromators in this spectral region and to reach an understanding which can form the basis of the design of a new generation of monochromators which achieve substantial improvement in both the resolution and phase space acceptance compared to earlier designs.
Resolution limits
The best resolution values published so far, for grazing incidence grating monochromators using synchrotron radiation are those of Petersen 2 and Himpsel 3. These workers quote values of about 0.2 eV at the carbon edge. or a resolving power of about 1400.
Eberhardt has recently obtained somewhat better values: 0.1 eV at the nitrogen edge, or a resolving power of about 4000 4.
In all these cases an extraordinary sacrifice of flux was required in order to obtain the best resolution. For Petersen. using the SX700 plane grating monochromator, including one ellipsoidal mirror. it was necessary to restrict the system to only 3% of full aperture to find a portion of the optical surfaces accurate enough to give the image quality required for 0.2 eV resolution. For Himpsel, working with a toroidal grating monochromator, the issue was probably aberrations and again these could be controlled only by a substantial reduction in aperture.
In the case of Eberhardt using a GRASSHOPPER (5 m spherical grating) monochromator, the resolution limit was probably the slit width which would need to be 5 pm for the 1200 4. /mm grating employed.
These three cases illustrate nicely the three main types of resolution limitation which are important for this type of monochromator. These are: (i) Optical fabrication tolerances which are especially important for systems containing aspheric surfaces.
(ii)
Aberrations which are worst for toroids on account of the steep sagittal curvature of these surfaces. (iii) Slit width which is usually most important for spherical gratings.
In the past the characteristics of the synchrotron radiation source, namely the émittance, have also been a limiting factor but this will be improved with modern storage ring designs.
In the future we expect that thermal distortion will become important and we have already begun to address that. For the time being we consider the three issues mentioned above in more detail.
Optical fabrication tolerances
The art of optical fabrication has progressed considerably over the centuries and one can now obtain surfaces of more or less any shape and size at a price.
The X -ray astronomy community have devoted great efforts to designing and fabricating large exotic shaped surfaces such as the Wolter -Schwarzschild double bounce telescope system. Special polishing systems and measurement instrumentation are constructed and low scatter surfaces with tolerances in the arc second region can be made. For example the 0.7 m long Einstein telescope had 50% encircled energy within 2 arc second of theoretical. a surface roughness of 14 -25 A rms (measured by visible light scattering) and a price tag of $4 million 5. This represented early 1970's optical technology.
The current state -of-the -art in this area is represented by the so-called "Technology mirror assembly" built by Perkin Elmer for the Advanced X -ray Astronomical Facility (AXAF).
This telescope. which is of comparable size to the Einstein, achieved an image width of 0.38 arc seconds for a point source at large distance 6.
This spread includes the manufacturing tolerances of both reflecting surfaces and the process of assembling them together.
There is no doubt that even better tolerances than this can be achieved for the much simpler optics required for synchrotron radiation applications.
In fact, a primary theme of this paper is to make the case that spherical surfaces are attractive for high resolution systems for just this reason. We believe that spherical surfaces of the required quality have been available for many years as we will shortly demonstrate.
For synchrotron radiation applications it is necessary to use fabrication methods and design choices that allow larger numbers of optics to be fabricated at reasonable prices. For optics which have a suitable axis of symmetry (i.e. conics of revolution but not toroids), single point diamond machining provides a convenient way to manufacture considerable numbers of optics of any shape with good surface slope tolerances. However. in order to achieve a low scatter finish the surfaces must be subjected to a polishing process which can be made to maintain the initially good surface figure only if a suitable method of surface measurement is available. Other methods of fabricating aspheric surfaces similarly end with polishing stages, and it is the lack of generally available measurement instrumentation that prevents all these techniques from achieving the tolerances needed for building a high resolution soft X -ray monochromator. The exceptions to this are spherical and flat optics. There have long been techniques by which good craftsmen could make and measure spherical and flat optics with sub arc second tolerances.
For example many first class optics have been made using the Foucault test. In recent times it has become possible to measure flat and spherical optics over the entire range of spatial wavelengths of interest here (about 10 pm -0.1 m) using commercially available measuring equipment 7 that provides a permanent record to document the surface quality. 
Resolution limits
The best resolution values published so far. for grazing incidence grating monochroraators using synchrotron radiation are those of Petersen 2 and Himpsel 3 . These workers quote values of about 0.2 eV at the carbon edge, or a resolving power of about 1400. Eberhardt has recently obtained somewhat better values: 0.1 eV at the nitrogen edge, or a resolving power of about 4000 4 . In all these cases an extraordinary sacrifice of flux was required in order to obtain the best resolution. For Petersen. using the SX700 plane grating monochroraator, including one ellipsoidal mirror, it was necessary to restrict the system to only 3% of full aperture to find a portion of the optical surfaces accurate enough to give the image quality required for 0.2 eV resolution. For Himpsel. working with a toroidal grating monochromator. the issue was probably aberrations and again these could be controlled only by a substantial reduction in aperture. In the case of Eberhardt using a GRASSHOPPER (5 m spherical grating) monochromator. the resolution limit was probably the slit width which would need to be 5 ym for the 1200 H/mm grating employed.
These three cases illustrate nicely the three main types of resolution limitation which are important for this type of monochromator. These are:
Optical fabrication tolerances which are especially important for systems containing aspheric surfaces, (ii) Aberrations which are worst for toroids on account of the steep sagittal curvature of these surfaces, (iii) Slit width which is usually most important for spherical gratings.
In the past the characteristics of the synchrotron radiation source, namely the emittance. have also been a limiting factor but this will be improved with modern storage ring designs. In the future we expect that thermal distortion will become important and we have already begun to address that. For the time being we consider the three issues mentioned above in more detail.
Optical fabrication tolerances
The art of optical fabrication has progressed considerably over the centuries and one can now obtain surfaces of more or less any shape and size at a price. The X-ray astronomy community have devoted great efforts to designing and fabricating large exotic shaped surfaces such as the Wolter-Schwarzschild double bounce telescope system. Special polishing systems and measurement instrumentation are constructed and low scatter surfaces with tolerances in the arc second region can be made. For example the 0.7 m long Einstein telescope had 50% encircled energy within 2 arc second of theoretical, a surface roughness of 14-25 A rras (measured by visible light scattering) and a price tag of $4 million 5. This represented early 1970's optical technology.
The current state-of-the-art in this area is represented by the so-called "Technology mirror assembly" built by Perkin Elmer for the Advanced X-ray Astronomical Facility (AXAF). This telescope, which is of comparable size to the Einstein, achieved an image width of 0.38 arc seconds for a point source at large distance 6 . This spread includes the manufacturing tolerances of both reflecting surfaces and the process of assembling them together. There is no doubt that even better tolerances than this can be achieved for the much simpler optics required for synchrotron radiation applications. In fact, a primary theme of this paper is to make the case that spherical surfaces are attractive for high resolution systems for just this reason. We believe that spherical surfaces of the required quality have been available for many years as we will shortly demonstrate.
For synchrotron radiation applications it is necessary to use fabrication methods and design choices that allow larger numbers of optics to be fabricated at reasonable prices. For optics which have a suitable axis of symmetry (i.e. conies of revolution but not toroids). single point diamond machining provides a convenient way to manufacture considerable numbers of optics of any shape with good surface slope tolerances. However, in order to achieve a low scatter finish the surfaces must be subjected to a polishing process which can be made to maintain the initially good surface figure only if a suitable method of surface measurement is available. Other methods of fabricating aspheric surfaces similarly end with polishing stages, and it is the lack of generally available measurement instrumentation that prevents all these techniques from achieving the tolerances needed for building a high resolution soft X-ray raonochromator. The exceptions to this are spherical and flat optics. There have long been techniques by which good craftsmen could make and measure spherical and flat optics with sub arc second tolerances. For example many first class optics have been made using the Foucault test. In recent times it has become possible to measure flat and spherical optics over the entire range of spatial wavelengths of interest here (about 10 ym -0,1 m) using commercially available measuring equipment 7 that provides a permanent record to document the surface quality. where s is the entrance slit width. s' the width of its image. a and ß are the angle of incidence and diffraction respectively. r and r' are as shown in Figure 1 . Anticipating the monochromator design that we describe later in this paper and assuming that lOpm slits are the smallest practical size. we arrive at a value of 0.5urad for the allowed r.m.s. slope error. This is 1.2 urad full width half maximum for the spread function of slope errors. This is a challenging tolerance which needs to be defined and specified as a combination of a geometrical. optical slope tolerance over the full aperture and a wave optical tolerance over a subaperture 8. These are both in addition to the usual finish specification. We do not wish to discuss the determination of tolerances in detail here.
However, we must note that the quoted tolerances on the best aspheric surfaces are usually in the range 5 -10 arc seconds. and for spherical or flat surfaces around one arc second. The latter figure really represents a limitation of measurement technique rather than fabrication ability. but even with that reservation we see that for resolution determining optics. spherical surfaces have a great advantage. As a further verification of this we can consider the demonstrated resolution capabilities of spherical gratings in the normal incidence regime.
For example Ito et al. 9 recently reported a resolving power of > 2.5 x 105 at ) = 790A in the 7th order of an off -the -shelf replica grating 10 of 6.65 m radius and 1200 t /mm. According to equation (1) this implies an s/r value of 2.7 ,radian.
We may thus estimate an upper limit for the slope error of the grating surface as about 0.7 yradian. Even higher spectral resolution was demonstrated in the classical experiments of Hertzberg in the 1950's. The Lamb shifts in the n = 1 levels of various atomic species 11 were measured with accuracies which translate to surface slope tolerances of less then one microradian in the 3m radius spherical grating that was used.
This type of information is actually more meaningful from a spectroscopy point of view than optical shop measurements. The best way to circumvent the optical fabrication tolerance problem would appear to be to use a replica grating off the same master as one that had been proved in the above way. Even if this is not possible. spherical surfaces are clearly the optic of choice for high resolution applications. 
Aberrations
In order to discuss the influence of aberrations. we utilize the analysis of the imaging performance of a grating in terms of the optical path function.
We specialize to the case of a toroidal surface (of which the spherical is a special case) and we consider only the conventional in -plane applications of a Rowland grating. i.e., a grating whose grooves are the intersection of the substrate with a set of parallel equispaced planes. Following Noda. Namioka and Seya 12. we write the optical path function expansion to sufficiently good approximation as in equation (2) In evaluating resolution values limited by both fabrication tolerances and slit widths we can use the basic equation for the slit width limited resolution AXS for a grating with the groove spacing d:
where s is the entrance slit width, s 1 the width of its image, a and B are the angle of incidence and diffraction respectively, r and r 1 are as shown in Figure 1 . Anticipating the monochromator design that we describe later in this paper and assuming that 10pm slits are the smallest practical size, we arrive at a value of O.Syrad for the allowed r.m.s. slope error. ;This is 1.2 yrad full width half maximum for the spread function of slope errors. This is a challenging tolerance which needs to be defined and specified as a combination of a geometrical, optical slope tolerance over the full aperture and a wave optical tolerance over a subaperture 8 . These are both in addition to the usual finish specification. We do not wish to discuss the determination of tolerances in detail here. However, we must note that the quoted tolerances on the best aspheric surfaces are usually in the range 5-10 arc seconds, and for spherical or flat surfaces around one arc second. The latter figure really represents a limitation of measurement technique rather than fabrication ability, but even with that reservation we see that for resolution determining optics, spherical surfaces have a great advantage. As a further verification of this we can consider the demonstrated resolution capabilities of spherical gratings in the normal incidence regime. For example Ito et al. 9 recently reported a resolving power of > 2.5 x 10 5 at X = 790A in the 7 tn order of an off-the-shelf replica grating 10 of 6.65 m radius and 1200 H/mm. According to equation (1) this implies an s/r value of 2.7 yradian. We may thus estimate an upper limit for the slope error of the grating surface as about 0.7 ^radian. Even higher spectral resolution was demonstrated in the classical experiments of Hertzberg in the 1950's. The Lamb shifts in the n = 1 levels of various atomic species 1]-were measured with accuracies which translate to surface slope tolerances of less then one raicroradian in the 3m radius spherical grating that was used.
This type of information is actually more meaningful from a spectroscopy point of view than optical shop measurements. The best way to circumvent the optical fabrication tolerance problem would appear to be to use a replica grating off the same master as one that had been proved in the above way. Even if this is not possible, spherical surfaces are clearly the optic of choice for high resolution applications.
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Gaussian image point (in x,y plane) Figure 1 . Notation for grating aberration analysis.
Aberrations
In order to discuss the influence of aberrations, we utilize the analysis of the imaging performance of a grating in terms of the optical path function. We specialize to the case of a toroidal surface (of which the spherical is a special case) and we consider only the conventional in-plane applications of a Rowland grating, i.e., a grating whose grooves are the intersection of the substrate with a set of parallel equispaced planes. Following Noda. Namioka and Seya L2 . we write the optical path function expansion to sufficiently good approximation as in equation (2) where R and p are the major and minor radii of the toroid respectively. The other notation is given in Figure 1 .
The meaning of E is that a second term must be added which is identical to the first apart from the replacements a -ß. r -+ r', Az i Az'. We differ slightly from the treatment of Noda et al. by expanding the square roots in their grating equation and magnification terms in order to separate the parts representing line shape.
In order to apply the general theory provided by Noda et al. we utilize the following approximation to the toroidal surface 
For a stigmatic focus we would need to have F200 = F020 = 0 as well and this can indeed be achieved using a toroidal grating. For a perfect focus we would need to have all the Fijk's zero which cannot be achieved with a toroid. Non -zero values for the Fijk's represent particular geometrical optical aberrations as indicated in equation (2) where R and p are the major and minor radii of the toroid respectively. The other notation is given in Figure 1 . The meaning of I is that a second term must be added which is identical to the first apart from the replacements g * (5. r -» r' . Az -» Az' . We differ slightly from the treatment of Noda et al. by expanding the square roots in their grating equation and magnification terms in order to separate the parts representing line shape. In order to apply the general theory provided by Noda et al. we utilize the following approximation to the toroidal surface
For a good focus, it is necessary to satisfy Fermats Principle (3F/3fc)=(3F/3w)=0 as closely as possible. This enables us to obtain the grating equation from the linear term F 100
For a stigmatic focus we would need to have F 2 oo * F020 = 0 as well and this can indeed be achieved using a toroidal grating. For a perfect focus we would need to have all the F^j^'s zero which cannot be achieved with a toroid. Non-zero values for the F^j^'s represent particular geometrical optical aberrations as indicated in equation (2) In a simple toroidal grating system with approximately corrected astigmatism illuminated by a point source in the center of the entrance slit, the ray trace might look something like Figure 2 which illustrates the effect of some of the aberrations.
We are interested mainly in aberrations in the w, (i.e. Ay'), direction since they are the ones that affect the resolution. The main ones in Figure 2 are defocus and curvature of the astigmatic focal line. We can eliminate defocus by agreeing to move the monochromator exit slit to the correct focal distance. However. there is no corresponding way that the astigmatic line curvature can be set to zero. We note that the curvature arises from terms in equation (2) Since Az = O the value of Az' for any ray is determined only by the astigmatism according to (5) and (2g) (6) Az' = r' E(S)1 Inserting this in (6) and differentiating with respect to w we get
which is the general expression for the line curvature for point source illumination: called "astigmatic curvature" in the original work of Beutler 13. Eq. (8) now displays explicitly the (Az')2 dependance mentioned above. Examination of (8) shows that in the event that astigmatism is negligible. that is Az'= r'E(s)V. =O, then the last two terms in (8) which come from the field variable (Az') dependent terms F102 and F111 in F. will become zero. The case where this would happen is a toroid whose p value was set for exact astigmatism correction at p = pA say.
The line curvature then comes from the F120 term in F only and is typically large and troublesome.
The astigmatism correction in a grazing incidence toroid is achieved by the use of steep sagittal curvature (small p) and it is intuitively reasonable that such curvature would lead to curvature of the (now very short) astigmatic focal line. (Parameters as in Table 2) the rays arriving in the image plane from the ideal Gaussian image point. shown that the ray displacements are given by
It can be r' ijk ~ cosB (5) Ay' ijk Az' *ijk
In a simple toroidal grating system with approximately corrected astigmatism illuminated by a point source in the center of the entrance slit, the ray trace might look something like Figure 2 which illustrates the effect of some of the aberrations. We are interested mainly in aberrations in the w. (i.e. Ay'), direction since they are the ones that affect the resolution. The main ones in Figure 2 are defocus and curvature of the astigmatic focal line. We can eliminate defocus by agreeing to move the monochromator exit slit to the correct focal distance. However, there is no corresponding way that the astigmatic line curvature can be set to zero. We note that the curvature arises from terms in eguation (2) that, after differentiation by w. depend on (Az 1 ) 2 . Allowing that astigmatism may not be negligible the line curvature (lc) terms are as follows
that is F 120 . F 10 2 and F 11L with Az = 0 (point source illumination). Since Az = 0 the value of Az' for any ray is determined only by the astigmatism according
to (5) and (2g) Az' = r'
Inserting this in (6) and differentiating with respect to w we get
which is the general expression for the line curvature for point source illuminationcalled "astigmatic curvature" in the original work of Beutler 13 . Eg. (8) now displays explicitly the (Az')2 dependance mentioned above. Examination of (8) shows that in the event that astigmatism is negligible, that is Az'=r'Z(s)fc=0. then the last two terms in (8) which come from the field variable (Az') dependent terms F 102 and F 1L1 in F. will become zero. The case where this would happen is a toroid whose P value was set for exact astigmatism correction at /> = PA say. The line curvature then comes from the F 1? o term in F only and is typically large and troublesome. The astigmatism correction in a grazing incidence toroid is achieved by the use of steep sagittal curvature (small p) and it is intuitively reasonable that such curvature would lead to curvature of the (now very short) astigmatic focal line. Table 2) In order to remove the astigmatic line curvature we should therefore try increasing p. The extreme of this would be to set p = co i.e.. a cylindrical grating. We can see the effect of this by expanding the E (S) terms in (8) and eliminating all those terms containing 1 /p.
For the Rowland circle case, the result for the square bracket term of (8) Where the _ sign applies to the case where the approximation sine. _ 1, sinß _ -1 have been used. We see that a large reduction in line curvature has been achieved. By examining the way the terms cancel or approximately cancel in the expanded form of (8) we can see that in the practical case of a spherical grating (p = R. R » pA) a similarly large reduction in line curvature is achieved.
To show this in a real example we use the proposed monochromator design of a later section and plot in Figure 3 the variation of the energy resolution derived from (8) (that is the spread due to line curvature alone) against p as p changes from the astigmatism correcting value pA to p = R.
We compare this in the figure with the results of an exact ray trace. We see that the line curvature indeed behaves as expected.
It goes from being the dominant aberration accounting for almost all of the line width of the ray trace at p = pA to being negligible compared to other aberrations at p = R.
In addition to this good news we get an extra benefit from having p large. This is that the acceptance aperture of the grating is now essentially rectangular so it is to be expected that the use of an extended entrance slit would not be harmful.
The effect on the focal line in this case is that another kind of line curvature from F102 and F111 with Az # 0 is introduced. It is usually called "spectrum line curvature" or by Beutlers name "enveloping curvature ".
In real cases the two kinds of curvature are combined as explained by Welford 14(see eq. 8).
For steeply curved toroids the spectrum line curvature is severe and has a major impact on the resolution.
The main point for our purpose however is that with a spherical grating the spectrum line curvature is slight and has only a small effect on resolution.
The conclusion is that long radius spherical gratings do not generate a large overall line curvature and their use solves the problems created by this aberration. This has always been recognized in traditional spectrometer designs which never had line curvature difficulties.
The problem has arisen in recent years because the technical ability to make toroids and the attraction of their astigmatism correcting capability has led to a tendency to ignore their disadvantages. The next question is, with no line curvature, which aberration now becomes the limit to resolution? In general the answer is primary coma (F300).
However, for Rowland Circle designs (r = R cos *. r' = R cosß) F300 is identically zero.
So assuming we can use a Rowland Circle design we finally become limited by either spherical aberration (F400) or diffraction.
The interplay between these two factors has been understood for more than half a century but we do not consider this in detail here 15. We discuss it in relation to our proposed monochromator design in a later section. Thus we have the overall conclusion that the use of spherical gratings essentially solves the two main problems leading to resolution impairment in present day systems, namely optical fabrication tolerances and aberrations. We now turn to the third.
Slit width limits
In a sense this is not a real limit because all one can expect of a spectrometer is that it achieves its slit width limited resolution.
However for a continuum source the throughput of a monochromator diminishes like the square of the width of the slits. (The exit slit width being assumed to be set to match the image of the entrance slit.) Consequently the loss of flux as the slits are closed down for improved resolution is punishing.
In addition, there is a limit to how small slits can be made with sufficient perfection and how small the focal spot of a condenser mirror can be. This compromising between flux and resolution reminds us that the goal is to achieve a high resolving power, phase space acceptance product (E).
This quantity is often loosely called the "Resolution-luminosity product ".
In the plane of dispersion the phase space acceptance (A) of a slit width limited monochromator can be shown to be given by A = NAx = Nds rosa In order to remove the astigmatic line curvature we should therefore try increasing p. The extreme of this would be to set p = ® i.e.. a cylindrical grating. We can see the effect of this by expanding the £ (S) terms in (8) and eliminating all those terms containing 1/p. For the Rowland circle case, the result for the square bracket term of (8) is:
Where the = sign applies to the case where the approximation sina = 1. sinB * -1 have been used. We see that a large reduction in line curvature has been achieved. By examining the way the terms cancel or approximately cancel in the expanded form of (8) we can see that in the practical case of a spherical grating (p = R. R » p&) a similarly large reduction in line curvature is achieved. To show this in a real example we use the proposed monochromator design of a later section and plot in Figure 3 the variation of the energy resolution derived from (8) (that is the spread due to line curvature alone) against p as p changes from the astigmatism correcting value pt o p = R. We compare this in the figure with the results of an exact ray trace. We see that the line curvature indeed behaves as expected. It goes from being the dominant aberration accounting for almost all of the line width of the ray trace at p = pt o being negligible compared to other aberrations at p = R. In addition to this good news we get an extra benefit from having p large. This is that the acceptance aperture of the grating is now essentially rectangular so it is to be expected that the use of an extended entrance slit would not be harmful. The effect on the focal line in this case is that another kind of line curvature from F 102 and F lll with Az * 0 is introduced. It is usually called "spectrum line curvature" or by Beutlers name "enveloping curvature". In real cases the two kinds of curvature are combined as explained by Welford 14 (see eg. 8). For steeply curved toroids the spectrum line curvature is severe and has a major impact on the resolution. The main point for our purpose however is that with a spherical grating the spectrum line curvature is slight and has only a small effect on resolution.
The conclusion is that long radius spherical gratings do not generate a large overall line curvature and their use solves the problems created by this aberration. This has always been recognized in traditional spectrometer designs which never had line curvature difficulties. The problem has arisen in recent years because the technical ability to make toroids and the attraction of their astigmatism correcting capability has led to a tendency to ignore their disadvantages. The next question is. with no line curvature, which aberration now becomes the limit to resolution? In general the answer is primary coma (F3Q0). However, for Rowland Circle designs (r = R cosa. r' = R cosB) F3oo is identically zero. So assuming we can use a Rowland Circle design we finally become limited by either spherical aberration (F4oo) °r diffraction. The interplay between these two factors has been understood for more than half a century but we do not consider this in detail here 15 . We discuss it in relation to our proposed monochromator design in a later section. Thus we have the overall conclusion that the use of spherical gratings essentially solves the two main problems leading to resolution impairment in present day systems, namely optical fabrication tolerances and aberrations. We now turn to the third.
In a sense this is not a real limit because all one can expect of a spectrometer is that it achieves its slit width limited resolution. However for a continuum source the throughput of a monochromator diminishes like the square of the width of the slits. (The exit slit width being assumed to be set to match the image of the entrance slit.) Consequently the loss of flux as the slits are closed down for improved resolution is punishing. In addition, there is a limit to how small slits can be made with sufficient perfection and how small the focal spot of a condenser mirror can be. This compromising between flux and resolution reminds us that the goal is to achieve a high resolving power, phase space acceptance product (E). This quantity is often loosely called the "Resolution-luminosity product".
In the plane of dispersion the phase space acceptance (A) of a slit width limited monochromator can be shown to be given by
where N is the number of illuminated grooves and we have used equation (1). Obviously E is given by E = NX (10) This is useful but we must first get the resolution we want. In (1) we have quite limited freedom to improve AXg.
For systems where the inward and outward ray directions to the grating are fixed the value of d is fixed by spectral range considerations. For a system with an angle 20 between the inward and outward rays the horizon wavelength XH = 2d cos20 in general prevents the use of very dense gratings. However let us rewrite (1) for the Rowland case (r = R cos a) ds AXs R (11) We see that for values of d and s that are limited in the above mentioned ways the only way to improve AXs is to increase R. This is in fact easy to do for grazing incidence systems. Toroidal grating instruments on synchrotrons already use R values around 50 m which is far higher than is used in traditional Rowland spectrometers. The consequence is that such monochromators are larger than traditional instruments but this is normally quite acceptable.
For example for R = 55 m, d = 9091A and s = 10pm which are reasonable values we get AXs = 0.0016A which is an attractive value. These parameters are those of the monochromator described in a later section which is -6m long. This is still smaller than many normal incidence instruments which are well established and successful (see for example reference 9). The general conclusion is that it is beneficial to increase the grating radius up to the point where the size of the instrument becomes the enemy of geometrical stability.
For soft x -ray undulators on the best modern storage ring sources it is possible to accept the entire beam without loss with 10pm slits using the 55 meter monochromator described later 16, 
Spherical grating monochromator (SGM)
In the light of the so far described theoretical development one would like to combine the advantages of the spherical grating concepts which provide high spectral resolution with those which offer good light gathering power and simple scan mechanisms. This can be achieved to a considerable degree by the spherical grating monochromator, which will be described in this section and which is based on the spectrograph design of Rense and Violett 17.
Rense and Violett and later also Tondello 18 and Chrisp 19 proposed similar optical instruments mainly for space telescope and plasma spectrograph applications. The most recent application of the same idea is the "High Throughput Monochromator" of Hettrick and Underwood 20. Rense and Violett were concerned about an optimization of spectral and spatial resolution as well as light gathering power of their devices.
For a synchrotron radiation monochromator spatial resolution is not of ultimate importance. Spectral resolution, light gathering power and spectral purity are the important parameters. Moreover, a fixed exit direction is required plus a simple wavelength scan 280 / SPIE Vol. 733 Soft X -Ray Optics and Technology (1986) where N is the number of illuminated grooves and we have used equation (1). Obviously E is given by E = NX (10) This is useful but we must first get the resolution we want. In (1) we have quite limited freedom to improve AXS . For systems where the inward and outward ray directions to the grating are fixed the value of d is fixed by spectral range considerations. For a system with an angle 26 between the inward and outward rays the horizon wavelength Xfj = 2d cos 26 in general prevents the use of very dense gratings. However let us rewrite (1) for the Rowland case (r = R cos a) R
We see that for values of d and s that are limited in the above mentioned ways the only way to improve AXS is to increase R. This is in fact easy to do for grazing incidence systems. Toroidal grating instruments on synchrotrons already use R values around 50 m which is far higher than is used in traditional Rowland spectrometers. The consequence is that such monochromators are larger than traditional instruments but this is normally quite acceptable. For example for R = 55 m. d = 9091A and s = lOym which are reasonable values we get AXS = 0.0016A which is an attractive value. These parameters are those of the monochromator described in a later section which is ~ 6m long. This is still smaller than many normal incidence instruments which are well established and successful (see for example reference 9), The general conclusion is that it is beneficial to increase the grating radius up to the point where the size of the instrument becomes the enemy of geometrical stability. For soft x-ray undulators on the best modern storage ring sources it is possible to accept the entire beam without loss with 10pm slits using the 55 meter monochromator described later 16 .
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Spherical grating monochroroator (SGM)
In the light of the so far described theoretical development one would like to combine the advantages of the spherical grating concepts which provide high spectral resolution with those which offer good light gathering power and simple scan mechanisms. This can be achieved to a considerable degree by the spherical grating monochromator. which will be described in this section and which is based on the spectrograph design of Rense and Violett 17 .
Rense and Violett and later also Tondello 18 and Chrisp 19 proposed similar optical instruments mainly for space telescope and plasma spectrograph applications. The most recent application of the same idea is the "High Throughput Monochromator" of Hettrick and Underwood 20 . Rense and Violett were concerned about an optimization of spectral and spatial resolution as well as light gathering power of their devices. For a synchrotron radiation monochromator spatial resolution is not of ultimate importance. Spectral resolution, light gathering power and spectral purity are the important parameters. Moreover, a fixed exit direction is required plus a simple wavelength scan mechanism compatible with the ultrahigh vacuum environment.
For some synchrotron radiation sources, including the SPEAR storage ring at Stanford, the horizontal source size is quite large: 6 -8 mm. which is another challenging problem the monochromator design has to take into account.
This implies that the entrance slit will be illuminated over a considerable length so that it becomes important to consider any aberrations. for example F111 and F102 (eq's (2d) and (2e)), that depend on Az.
Most of the above requirements can be met by the modified Rense and Violett -system shown in Figure 4 . The system consists of a toroidal condensing mirror M1 and a spherical grating G, including an entrance slit S1 and exit slit S2 (both moveable along the beam). M1 focuses the synchrotron radiation source in the meridional plane onto the entrance slit S1 of the monochromator.
In the sagittal plane M1 makes an image of the source at a distance ry from M1 behind the grating so that the real sagittal focus is on the exit slit S2 for one wavelength and very near S2 for the whole spectrum.
In this way the large astigmatism of the spherical grating at grazing incidence is compensated.
Tondello 18 proposed three exchangeable focusing mirrors M1 or a complicated translation of M1 in order to get complete stigmatism also for other wavelengths. This is not necessary in our case since we are not interested in spatial resolution. One could also think of two cylindrical mirrors in Kirkpatrick -Baez configuration as a condensing system instead of the toroid M1 (see e.g. ref. 16 ). The monochromator itself consists of a large radius spherical grating (straight grooves) and operates on or near the Rowland circle and thereby diminishes the defocus (F200) and coma (F300) aberrations essentially to zero and reduces some fourth order aberrations. As in the case of a standard toroidal grating monochromator (TGM) the diffracted beam is deviated a constant amount from the incoming light: a -B = 20 = const. This assures the required fixed exit direction of the monochromatized radiation. The wavelength scan is performed by a simple rotation of the grating. For best resolution the positions of Si and S2 are adjusted along the line of the principal ray. First of all a convenient wavelength kR somewhere in the middle of the scan range of the grating is chosen for which the optical focusing is as shown in and using the Rowland circle solution for the imaging conjugates we have r =Rcosa and r'= Rcosß. Inserting r' =Rcosß into the sagittal focusing condition (F020 = 0), one can evaluate the imaging conjugate rs for sagittal focusing and the virtual image distance ry onto which M1 has to focus, in order to make the image stigmatic for kR.
Thus we have (13) where MIS1 is the distance from the center of the toroid to the slit Si.
This gives us all the information needed to calculate the parameters of the condensing toroid in order to compensate the grating astigmatism.
To change the monochromatized wavelength one can either rotate the grating G a certain amount and then (keeping S1 and thereby kR fixed) readjust the exit slit S2 for the exact meridional focus. which will then not be on the Rowland circle. or one can rotate G and shift both slits the same amount to again meet the Rowland circle.
We shall call the two possibilities mode A and mode B respectively.
In mode B the parameter IR, which is the wavelength for which the slit positions are set to fulfill the Rowland condition, is changed.
From every new kR one can cover all output wavelengths k of that grating with mode A but the aberrations are only minimized when k = kR holds.
Of course mode B is able to provide a better resolution than A but on the other hand this costs some intensity because S1 must be moved out of the meridional focus of the condensing mirror Ml.
In principal one could fulfill the Rowland circle condition over the whole wavelength range by using scan mode B.
In practice we have chosen to compromise somewhat and use mode B for most of the range with some use of mode A at each end. This is because an excessive shifting of slit S1 would cost considerable intensity and would require inconveniently long high precision slides for both slits S1 and S2.
SPIE Vol 733 Soft X -Ray Optics and Technology (1986) / 281 mechanism compatible with the ultrahigh vacuum environment. For some synchrotron radiation sources, including the SPEAR storage ring at Stanford, the horizontal source size is quite large: 6-8 mm, which is another challenging problem the monochromator design has to take into account. This implies that the entrance slit will be illuminated over a considerable length so that it becomes important to consider any aberrations, for example F lll an<a F 102 ( e<3' s (2d) and (2e)). that depend on Az.
Most of the above requirements can be met by the modified Rense and Violett -system shown in Figure 4 . The system consists of a toroidal condensing mirror Ml and a spherical grating G. including an entrance slit SI and exit slit S2 (both moveable along the beam). Ml focuses the synchrotron radiation source in the meridional plane onto the entrance slit SI of the monochromator. In the sagittal plane Ml makes an image of the source at a distance r v from Ml behind the grating so that the real sagittal focus is on the exit slit S2 for one wavelength and very near S2 for the whole spectrum. In this way the large astigmatism of the spherical grating at grazing incidence is compensated. Tondello 18 proposed three exchangeable focusing mirrors Ml or a complicated translation of Ml in order to get complete stigmatism also for other wavelengths. This is not necessary in our case since we are not interested in spatial resolution. One could also think of two cylindrical mirrors in Kirkpatrick-Baez configuration as a condensing system instead of the toroid Ml (see e.g. ref. 16 ). The monochromator itself consists of a large radius spherical grating (straight grooves) and operates on or near the Rowland circle and thereby diminishes the defocus (F 2 oo) and coma (F3 0 o> aberrations essentially to zero and reduces some fourth order aberrations. As in the case of a standard toroidal grating monochromator (TGM) the diffracted beam is deviated a constant amount from the incoming light: a -B = 28 = const. This assures the required fixed exit direction of the monochroraatized radiation. The wavelength scan is performed by a simple rotation of the grating. For best resolution the positions of SI and S2 are adjusted along the line of the principal ray. First of all a convenient wavelength XR somewhere in the middle of the scan range of the grating is chosen for which the optical focusing is as shown in (13) where M1S1 is the distance from the center of the toroid to the slit SI. This gives us all the information needed to calculate the parameters of the condensing toroid in order to compensate the grating astigmatism.
To change the monochromatized wavelength one can either rotate the grating G a certain amount and then (keeping SI and thereby XR fixed) readjust the exit slit S2 for the exact meridional focus, which will then not be on the Rowland circle, or one can rotate G and shift both slits the same amount to again meet the Rowland circle. We shall call the two possibilities mode A and mode B respectively. In mode B the parameter XR. which is the wavelength for which the slit positions are set to fulfill the Rowland condition, is changed. From every new XR one can cover all output wavelengths X of that grating with mode A but the aberrations are only minimized when X = XR holds. Of course mode B is able to provide a better resolution than A but on the other hand this costs some intensity because SI must be moved out of the meridional focus of the condensing mirror Ml. In principal one could fulfill the Rowland circle condition over the whole wavelength range by using scan mode B. In practice we have chosen to compromise somewhat and use mode B for most of the range with some use of mode A at each end. This is because an excessive shifting of slit SI would cost considerable intensity and would require inconveniently long high precision slides for both slits SI and S2.
A first realization of the proposed monochromator will be built at the VUV -branchline of beamlíne VI at the Stanford Synchrotron Radiation Laboratory (SSRL).
The actual parameters chosen for this study are based on the requirements of this beamlíne and are summarized in Table 2 . This monochromator will cover the wavelength range from k =10A to about 200A.
Using 3 exchangeable gratings of 1100. 500 and 200 lines /mm. Since the optical situation is not changed in principle by changing the line spacing d. we mainly discuss the 1100 4/m grating unless otherwise indicated. The total length of the beamline is restricted by the available space whereas the minimum distances of M1 and the grating from source are limited by the shield wall of the storage ring SPEAR and the necessity to get enough separation from the hard x -ray branch of beamline VI. Within these limitations we tried make the distance S1 -S2. i.e. the grating radius R, as large as possible. Compared to a smaller monochromator with otherwise similar design this has the previously discussed advantages:
(1)
The resolution -luminosity product of the instrument becomes larger and (2) the grating works like a cylindrical grating. so that there is no curvature of the spectral image due to the large horizontal size of the SPEAR source.
This will be proved later by raytracing. Therefore. our grating radius will be more than 10 times larger than those considered in previous systems.
Optical analysis and calculated performance
The path function analysis of this monochromator must in principle include the complete optical system. i.e., the condensing mirror M1 and the grating G.
Chrisp 19 pointed out that the usual treatment as given by Beutler 13 or Noda et al. 12 using stigmatic divergent rays (eqs. (2)) is not completely correct for the system proposed in the previous section. since the incident wavefront from the entrance slit Si is astigmatic (convergent in the sagittal and divergent in the meridional plane). Nonetheless we will show that the conventional theory gives a reasonable explanation of the performance of the monochromator as long as only the tangential imaging properties are considered i.e.. the spectral resolution. Raytracing of the whole system. later on. provides a check and an accurate evaluation of the performance of the monochromator.
Using equations (2) and (5), we have calculated the individual contributions from the important aberration terms for the scan mode A of the monochromator characterized in 282 / SPIE Vol. 733 Soft X -Ray Optics and Technology (1986) A first realization of the proposed monochromator will be built at the VTJV -branchline of beamline VI at the Stanford Synchrotron Radiation Laboratory (SSRL). The actual parameters chosen for this study are based on the requirements of this beamline and are summarized in Table 2 . This monochromator will cover the wavelength range from X=10A to about 200A. Using 3 exchangeable gratings of 1100. 500 and 200 lines/mm. Since the optical situation is not changed in principle by changing the line spacing d. we mainly discuss the 1100 9,/m grating unless otherwise indicated. Table 2 Source-mirror distance 
The total length of the beamline is restricted by the available space whereas the minimum distances of Ml and the grating from source are limited by the shield wall of the storage ring SPEAR and the necessity to get enough separation from the hard x-ray branch of bearaline VI. Within these limitations we tried make the distance S1-S2. i.e. the grating radius R. as large as possible. Compared to a smaller monochromator with otherwise similar design this has the previously discussed advantages:
(1) The resolution-luminosity product of the instrument becomes larger and (2) the grating works like a cylindrical grating, so that there is no curvature of the spectral image due to the large horizontal size of the SPEAR source. This will be proved later by raytracing. Therefore, our grating radius will be more than 10 times larger than those considered in previous systems.
The path function analysis of this monochromator must in principle include the complete optical system, i.e.. the condensing mirror Ml and the grating G. Chrisp 19 pointed out that the usual treatment as given by Beutler 13 or Noda et al. 12 using stigmatic divergent rays (egs. (2)) is not completely correct for the system proposed in the previous section, since the incident wavefront from the entrance slit SI is astigmatic (convergent in the sagittal and divergent in the meridional plane). Nonetheless we will show that the conventional theory gives a reasonable explanation of the performance of the monochromator as long as only the tangential imaging properties are considered i.e.. the spectral resolution. Raytracing of the whole system, later on. provides a check and an accurate evaluation of the performance of the monochromator.
Using equations (2) and (5). we have calculated the individual contributions from the important aberration terms for the scan mode A of the monochromator characterized in Table 2 . Scan mode A (kR =20A). Figure 5 for kR = 20A. Since the exit slit is always adjusted to the best focus, the F200 term is zero. At ). = kR the Rowland circle condition is fulfilled. so that the coma term F300 becomes zero at this wavelength.
For wavelengths which are some A away from kR, coma is obviously the dominant aberration whereas the combined astigmatic coma and line curvature is an order of magnitude smaller. Additionally to the ray aberrations. Figure 5 also includes the slit width limited resolution Aks given by eq. (1) for a 10pm slit at Si. All calculations are based on the "Full width zero height" (FWZH) criterion. For practical resolutions the "full width half maximum" (FWHM) has to be considered so that the contributions of the aberrations are even somewhat smaller compared to the slit width limit.
Therefore, according to Figure 5 , it is basically possible to achieve the slit width limited resolution for a 10ym slit as long as the monochromator is operated near kR. Now it is easy to estimate how the system properties are changed when the "Rowland wavelength" kR is altered (mode B) or the combined scan mode is used. Figure 6 shows the dominating coma term for three wavelengths kR, i.e., the extremes kR =14A (curve a) and kR =26A (curve c), which correspond to the maximum entrance slit movements, and the center kR =20A (curve b) and this figure also shows the resulting overall resolution for the combined scan mode as an enveloping curve.
Consequently. the resolution is minimized for output wavelength's k between 14A and 26A and essentially slit width limited. Wavelengths k ouside this range, which can only be reached with scan mode A, suffer from coma aberration. But even outside this mode B -range the coma contribution can be kept small by choosing kR =14 for k <14A and kR =26 for k>26A.
With the raytracing program "Shadow" 1, which was especially designed for synchrotron radiation optics. it is possible to check the above theoretical considerations and to evaluate the overall performance including both optical elements illuminated by a realistic source. The program allowed the use of a realistic gaussian synchrotron source (e.g., ax x ay = 0.33 x 0.05 cm2 for k = 20A) with a random ray distribution. The total ray output of the source was 5000 of which more than 1200 fell onto Ml.
The results are shown in Figure 7 for all three gratings. The upper curves 1 show the resolution plots calculated from the raytraces for a slit width of 100pm and keeping this entrance slit in fixed position (mode A. kR =20A). The dashed lines 2 correspond to the same slit positions but 10pm slit width. Optimum resolution which is shown by graphs 3 is obtained with the combined scan mode with 14A <kR <26A (same as in Figure 6 ) and 10pm-slits. The curves nicely reproduce the predictions of Figure' Figure 5 for XR = 20A. Since the exit slit is always adjusted to the best focus, the F 2 oo term is zero. At X = XR the Rowland circle condition is fulfilled, so that the coma term F 30o becomes zero at this wavelength. For wavelengths which are some A away from XR . coma is obviously the dominant aberration whereas the combined astigmatic coma and line curvature is an order of magnitude smaller. Additionally to the ray aberrations. Figure 5 also includes the slit width limited resolution AXS given by eg.
(1) for a 10pm slit at SI. All calculations are based on the "Full width zero height" (FWZH) criterion. For practical resolutions the "full width half maximum" (FWHM) has to be considered so that the contributions of the aberrations are even somewhat smaller compared to the slit width limit. Therefore, according to Figure 5 . it is basically possible to achieve the slit width limited resolution for a 10pm slit as long as the monochromator is operated near XR . Now it is easy to estimate how the system properties are changed when the "Rowland wavelength" XR is altered (mode B) or the combined scan mode is used. Figure 6 shows the dominating coma term for three wavelengths XR . i.e.. the extremes XR =14A (curve a) and XR =26A (curve c). which correspond to the maximum entrance slit movements, and the center XR =20A (curve b) and this figure also shows the resulting overall resolution for the combined scan mode as an enveloping curve. Conseguently. the resolution is minimized for output wavelength's X between 14A and 26A and essentially slit width limited. Wavelengths X ouside this range, which can only be reached with scan mode A. suffer from coma aberration. But even outside this mode B-range the coma contribution can be kept small by choosing XR =14 for X<14A and XR =26 for X>26A.
With the raytracing program "Shadow" 21, which was especially designed for synchrotron radiation optics, it is possible to check the above theoretical considerations and to evaluate the overall performance including both optical elements illuminated by a realistic source. The program allowed the use of a realistic gaussian synchrotron source (e.g.. <jx x «y = 0.33 x 0.05 cm2 for X = 20A) with a random ray distribution. The total ray output of the source was 5000 of which more than 1200 fell onto Ml. The results are shown in Figure 7 for all three gratings. The upper curves 1 show the resolution plots calculated from the raytraces for a slit width of 100pm and keeping this entrance slit in fixed position (mode A. XR =20A). The dashed lines 2 correspond to the same slit positions but 10pm slit width. Optimum resolution which is shown by graphs 3 is obtained with the combined scan mode with 14A<XR<26A (same as in Figure 6 ) and lOpra-slits. The curves nicely reproduce the predictions of Figure' s 5 and 6. The fact that the resolution is even better than predicted, arises from full width half maximum criterion of Figure 7 compared to the FWZH-calculations of Figures 5 and 6 . Also, the illuminated area of the grating might have been slightly different for raytrace and calculation. For an entrance slit width of Resolution plots for the SGM (see Table 2 ) as determnined from ray tracing. Curve 1: fixed entrance slit (100 pm width). Curve 2: fixed entrance slit (10 pm width), Curve 3:
moveable entrance slit (10 3,m width).
100 pm (curve 1) the resolution is not much affected by aberrations and is determined mostly by the slit width. so that the performance is approximately the same for modes A and B in this case. If all other resolution limiting factors. e.g. optical surface quality. geometrical stability, etc., are within the required tolerances it should be possible to achieve nearly the very attractive values of Figure 7 (curve 3). Phase space acceptance of the places along the beamline (MO: plane monochromator compared to the emittance deflection mirror. M2: refocusing mirror).
of the source.
60
Throughput
The power throughput of the beamline was determined with a program which calculates exactly the output of the wiggler source and includes the mirror reflectivities as well as the estimated grating efficiency. Slits were set to yield 0.1% bandwidth. The results. shown in Figure 9 for various places along the conceived SSRL -beamline, promise high output at good resolution and compare favorably with a toroidal grating monochromator since the spherical grating monochromator allows acceptance of the entire horizontal source without introducing aberration.
Since these numbers are specific to the beamline at which the first realization will be installed a better criterion for the light gathering power of this monochromator compared to that of other monochromators and compared to the emittance of the storage ring Table 2 ) as determnined from ray tracing. Curve 1: fixed entrance slit (100 yra width). Curve 2: fixed entrance slit (10 pm width). Curve 3: moveable entrance slit (10 v»m width). 100 pm (curve 1) the resolution is not much affected by aberrations and is determined mostly by the slit width, so that the performance is approximately the same for modes A and B in this case. If all other resolution limiting factors, e.g. optical surface quality, geometrical stability, etc.. are within the required tolerances it should be possible to achieve nearly the very attractive values of Figure 7 (curve 3). 
The power throughput of the beamline was determined with a program which calculates exactly the output of the wiggler source and includes the mirror reflectivities as well as the estimated grating efficiency. Slits were set to yield 0.1% bandwidth. The results, shown in Figure 9 for various places along the conceived SSRL-beamline. promise high output at good resolution and compare favorably with a toroidal grating monochromator since the spherical grating monochromator allows acceptance of the entire horizontal source without introducing aberration.
Since these numbers are specific to the beamline at which the first realization will be installed a better criterion for the light gathering power of this monochromator compared to that of other monochromators and compared to the emittance of the storage ring is its plot of vertical phase space acceptance against wavelength (see the section on slit width limits). Therefore Figure 9 shows the emittance of the SPEAR ring (as currently used and also with the projected low emittance upgrade) and of a bending magnet on the Berkeley 1 -2 GeV synchrotron radiation source (curves 1. 2 and 3 respectively) as well as the phase space acceptance of the monochromator expressed in Arad.
The long-dashed lines give the acceptance for the case where the monochromator is operated with constant energy resolution AE over the whole wavelength range (for the 1100 % /mm-grating) while the dash -dotted curves show the acceptance when the monochromator is operated as usual. with the entrance slit kept at a fixed width (slit width limit. grating fully illuminated).
Comparison of all these sets of curves yields information about how much of the incoming flux is necessarily lost by overfilling either the spatial or angular aperture of the instrument at a desired resolution. The ultimate theoretical resolution is limited by spherical aberration (short dashed line) and diffraction as shown by the shaded area.
is its plot of vertical phase space acceptance against wavelength (see the section on slit width limits). Therefore Figure 9 shows the eraittance of the SPRAR ring (as currently used and also with the projected low emittance upgrade) and of a bending magnet on the Berkeley 1-2 GeV synchrotron radiation source (curves 1. 2 and 3 respectively) as well as the phase space acceptance of the monochromator expressed in A»rad. The long-dashed lines give the acceptance for the case where the monochromator is operated with constant energy resolution AE over the whole wavelength range (for the 1100 i/mm-grating) while the dash-dotted curves show the acceptance when the monochromator is operated as usual, with the entrance slit kept at a fixed width (slit width limit, grating fully illuminated). Comparison of all these sets of curves yields information about how much of the incoming flux is necessarily lost by overfilling either the spatial or angular aperture of the instrument at a desired resolution. The ultimate theoretical resolution is limited by spherical aberration (short dashed line) and diffraction as shown by the shaded area.
